We report on the monolayer formation of hydrocarbons with terminal groups of thiol, hydroxyl and alkynyl groups on H-terminated silicon using UV light in order to clarify the ability to form the well-defined monolayer. The each molecule was dissolved in the solution (100 mM) and irradiated with UV light on the Si-H substrate. The monolayer formation was investigated by water contact angle, XPS, AFM and ellipsometry. The molecules formed hydrophobic monolayer, but the densities of the monolayers were loose. The hydrocarbons with thiol and vinyl formed the most densely packed monolayer based on the photochemical reactivity with Si-H.
Introduction
Silicon substrate is a universal material for modern electronics, and the most important materials for advanced technologies. The electronical properties of silicons are easily tuned by the doping, and the substrate can be manufactured by photolithography. In addition, the novel silicon materials with fluorescence and porous morphologies have been investigated [1] .
The problems with silicon are the oxidation of the substrate surface. The silicon is easily oxidized by the ambient oxygen atmosphere, which loose the functionality of the silicon substrate. On the other hand, the covalent bond formation on Si-H surface inhibits the oxidation of Si and adds the new functionality [2] . The modification of Si without oxidized layer of SiO 2 can be utilized for the molecular level electrical circuit [3] .
Silicon surface without oxidized silicon (SiO 2 ) is Si-H, which has been reported to modification by various covalent bond formations. The monolayer formation with Si-C bond has unique properties due to the direct attachment of organic molecules on silicon [4] . The monolayer formation with unsaturated groups of acetylene, alcohols and thiols has been reperted. And the modifications of Si-H with halogenations and click reaction have been also reported [5, 6] . In this way, Si-H surfaces can be modified by various methods, but the modification was not investigated in the unified treatment [7] [8] [9] [10] . In this report, we investigated the monolayer formation of alkanes with hydroxyl group, thiol, and alkynyl. The detailed investigation of monolayer formation enables the rational design of Si-H monolayer and the hybrid material fabrication.
Experimental details 2-1. Materials
The following reagents were used as received: acetone, dichloromethane, magnesium sulfate anhydrous, methanol, 1-octadecanethiol, toluene (Kanto Chemical, Co., Ltd., Tokyo, Japan), 1-octadecanol (Tokyo Chemical Industry, co., ltd., Tokyo, Japan), and 1-octadecyne (Wako Pure Chemical Industries, co., ltd., Osaka, Japan).
2-2. Monolayer formation on silicon
Single-side polished wafer of p-type Si (111) with a 5-10 Ωcm of resistivity was cut into pieces 10mm×10mm. The substrates were sonicated for 5 min in each of acetone, chloroform, methanol, and Milli-Q water (18.3Ωcm) in that order, and were then photochemically cleaned by exposure to UV/ozone (UV.TC.NA.003, Bioforce Nanoscience Inc., Ames, IA) for 30 min. The photochemically-cleaned substrate, of SiO 2 /Si, was etched for 15 min in 40% aqueous NH 4 F solution (Kanto Chemical, Tokyo, Japan). As a result, the substrate surface was terminated with hydrogen atoms to give an Si-H (111) surface [8] .
Hydrocarbons (1-octadecanethiol, 1-octadecanol and 1-octadecyne) were dissolved in toluene, and the hydrogen terminated silicon was soaked in toluene solution. The silicon substrate and toluene solution was UV irradiated for 40 min to form carbohydrate monolayer (Asahi Spectra Co., Ltd, Tokyo, Japan). After immobilization, each sample was washed 3 times of hexane, 3 times of ethylacetate and acetone. Washed samples were used some surface analysis.
2-3. Water contact angle measurement
The surface water drop contact angles of the samples were measured in order to examine the formation of carbohydrate monolayers by evaluating the hydrophobicity at the surface by a sessile drop method of Drop Master 300 (Kyowa Interface Science, CA-D, Saitama, Japan) using FAMAS software.
The contact angle data were determined by averaging values measured at 5 to 10 different points on each sample. And all values for each sample were in a range of degree of plus minors 2 [11] .
2-4. XPS measurement
X-ray photoelectron spectroscopy (XPS) was measured by PHI 5600 (Ulvac-phi Inc., Kanagawa, Japan) with an X-ray line at MgKα (1253.6 eV), operating at 12 kV and 10 mA in vacuo (under 1.0×10 -8 torr). Survey spectra were performed over a range of binding energies from 0 to 1100 eV at the analyzer, and the spectra were collected at take-off angle of 45°.
2-5. AFM measurement
The surface roughness of the monolayer surface was measured using an atomic force microscope (AFM) with SPA-400 (Seiko Instruments, Inc., Tokyo, Japan) with DFM mode using SPI-3800N. We also used dimension icon (Veeco Instruments, United States of America). The scan area was 3x3µm.
2-6. Ellipsometry measurement
The thickness of the film on Si (111) substrate was measured with a PZ2000 ellipsometer (Philips, Holland) using a He-Ne laser of 632.8 nm, using a 70° incident angle from the normal.
The ellipsometry data were determined by averaging values measured at 5 to 10 different points on each sample.
Result 3-1. Photochemical reaction of hydrocarbons with various functional groups
Three kinds of alkanes with different terminal groups (thiol, alcohol and alkynyl) were dissolved in toluene. The H-terminated silicon was prepared by etching with 40 % NH 4 F solution, which was subject to UV irradiation with hydrocarbon solutions in order to form monolayer [12] . The water contact angles of the silicon were measured with varying the reaction time (1-60 minutes) ( Figure 2 ). The water contact angles showed the hydrophobic surface change after 5 min UV irradiation, suggesting the monolayer formation by the chemical bonding formation. On the other hand, the alkane without functional group (octadecane) didn't show the surface property change (data not shown). Interestingly, the monolayer formation abilities of the three compounds were not much difference. The monolayer formation was also investigated by XPS (Figure 3 ). The peak of C1s of the alkanes were observed, and the peak intensities were much stronger than that of the reference surfaces of Si-H and SiO 2 . The peak of Si2p of the alkanes was also observed. Case of SiO 2 , peak of quartz was observed, but Si-H and octadecane derivatives weren't. The peak of the oxidized SiO 2 was observed in the case of reference sample, but the peak of SiO 2 was not observed with other substrate, meaning the monolayer formation prevent the oxidation of substrate. 
3-2. Surface morphology of hydrocarbon monolayer
The surface morphologies including roughness of the roughness of the monolayers were analyzed by AFM (Figure 4 ). We used D-AFM mode and measurement range was 3µm x 3µm. The RMS values for Si-H, octadecyne, octadecanol and octadecanethiol were 1.83 nm, 0.25 nm, 0.08 nm, and 0.26 nm, respectively. The RMS values were much smaller than that of Silicon with SiO 2 substrate.
Because of the flatness of Si-H substrate, the RMS value on the monolayer on Si-H was much smaller than that of SiO 2 .
The surface roughness of octadecyne and octadecanethiol was almost the same. The monolayer formation was also evaluated by ellipsometry. The monolayer formation was also evaluated by ellipsometry. The results indicated the ability of the monolayer formation was dependent on the terminal functional groups [13] . 
Discussion
The results of XPS, AFM and ellipsometry indicated the monolayer formation. The Si-H substrate was subjected to modification with various functional groups of hydroxyl, alkynyl, and thiol. The water contact angles of the monolayer were around 95° at most. It has been reported that the hydrophobic layer formation of alkanes showed the water contact angle over 100°. The water contact angle with a little small value (around 95°) suggested the monolayer formation with modest molecular packing. The densely packed monolayer formation was formed with longer reaction time.
The importance of this investigation is the comparison of the reactivity of the compounds. First, all of the alkanes formed monolayer on Si-H, suggesting the high reactivity of Si-H substrate. The XPS spectra showed that the thick layer formation of decanol due to the high reactivity between Si-H and hydroxyl group. Even though there are few reports about the monolayer formation of alkane thiol on Si-H, the monolayer formation ability was comparable level to alkynyl group. The thiol compounds can be easily prepared using proteins with cys, and the living radical polymerization with RAFT. We are investigating the functional monolayer formation with thiol.
Conclusion
We have succeeded the monolayer formation of thiol or hydroxyl functionalized hydrocarbon on H-terminated silicon wafer. Immobilization of monolayer was confirmed water contact angle, XPS, AFM and ellipsometry. And these results showed that hydrocarbon can form thin layer without SiO 2 layer. Thiol or hydroxyl functionalized hydrocarbons can be occurred radical reaction with UV light. We think that these results showed one of method of silicon surface. We hope that material of modified silicon surface with several monolayers is a useful tool of semiconductor devices.
